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Abstract
Recent fMRI findings have shown that selective attention to translating dots enhances V1 and MT complex activity whereas
attention to expansion enhances MT complex activity rather than V1 (Watanabe et al., Proceedings of the National Academy of
Sciences of the USA, (1998a) 95(19), 11489–11492). In order to clarify whether or not attention actually enhances the neural
mechanism for the attended motion direction(s), we took advantage of the motion aftereffect (MAE), using superimposed groups
of translating and expanding dots as the adaptation stimulus. During the adaptation stage, the subject was instructed to direct
attention to one-way translation, expansion, or no particular motion or location, while gazing at the fixation point. The strength
of the MAE in the attended monocular condition was greater than the sum of the unattended monocular MAE and the attended
binocular MAE. In another experiment the monocular and binocular components showed linear additivity. These results suggest
that attention enhances the monocular mechanism for the attended translational direction and that bottom-up monocular signals
and top–down attentional signals simply add linearly. In contrast, no significant monocular contribution was found for attention
to expansion. This is not only in accord with previous fMRI findings (Watanabe et al., 1998a), but also supports the thesis that
attention to translation or expansion enhances the activation of the mechanism for the attended motion, rather than simply
increasing arousal as a result of a heavier task load. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
At what level of motion processing does attention
exert its influence? Single unit recording studies show
that attention influences monkey MT (Treue & Maun-
sell, 1996, 1999). The effect of attention on the human
MT complex has been demonstrated with fMRI (Cor-
betta et al., 1991; Beauchamp et al., 1997; O’Craven,
Rosen, Kwong, Treisman, & Savoy, 1997; Culham et
al., 1998). Recently, fMRI studies have found that
human V1 activation is enhanced by attention to mo-
tion (Watanabe, Harner, Miyauchi, Sasaki, Nielsen,
Palomo, & Mukai, 1998a; Watanabe, et al., 1998b;
Gandhi, Heeger, & Boynton, 1999; Somers, Dale, Seif-
fert, & Tootell, 1999).
Some studies suggest that the cortical area(s) acti-
vated by attention depend on the type of motion to
which attention is directed (Watanabe et al., 1998a;
Watanabe et al, 1998b; Watanabe & Miyauchi, 1998).
Attention to component motion activates both V1 and
the MT complex whereas attention to pattern motion
activates only the MT complex and not V1 (Watanabe
et al., 1998a). Using a stimulus consisting of expanding
dots superimposed on one-way translating dots,
Watanabe et al. (1998b) have found that attention to
one-way translation activates V1 and the MT complex
whereas attention to expansion activates the MT com-
plex but not V1.
Although the greater activation in V1 during atten-
tion than in a passive condition found by Watanabe et
al. (1998a) may indicate what area(s) are activated as a
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result of attention, it has been argued that this could
confound the activation of the neural mechanism for
the attended motion direction with overall V1 activa-
tion caused by general arousal (Gandhi et al., 1999;
Somers et al., 1999; Watanabe & Miyauchi, 1998).
How can this confound be eliminated? Some fMRI
studies have successfully controlled for arousal by
comparing conditions in which subjects attended to
different features of the same object. These studies
have found that different extrastriate areas are modu-
lated depending on the feature attended (Corbetta et
al., 1991; Beauchamp et al., 1997; Clark et al., 1997;
Buechel, Josephs, Rees, Turner, & Frith et al., 1998).
However, since V1 has multiple feature representa-
tions, this method cannot be used to control for
arousal in V1. Another possibility which was devel-
oped more recently than Watanabe et al. (1998a) and
Watanabe et al. (1998b) is to ask the subject to attend
to one of multiple locations in a stimulus or multiple
stimuli presented at different locations of the visual
field and to check whether the corresponding V1 loca-
tion is activated (Brefczynski & DeYoe, 1999; Gandhi
et al., 1999; Tootell et al., 1998).
Here we propose that a psychophysical technique
based on the motion aftereffect (MAE) may be one of
the best ways, not only of confirming that, as shown
in fMRI results by Watanabe et al. (1998a) and
Watanabe et al. (1998b), activation in V1 is due to
attention, but also of giving fruitful insights into the
interactions between top–down attentional processing
and bottom-up processing.
First, the MAE holds promise in revealing the acti-
vation of the mechanism for an adapted motion direc-
tion relative to those for other directions, or for an
adapted type of motion relative to other types (Anstis,
Verstraten, & Mather, 1998). Several studies have
shown that attention directed selectively to a motion
direction or a type of motion induces or strengthens
the corresponding MAE (Chaudhuri, 1990; Shulman,
1993; Culham & Cavanagh, 1994; Lankheet &
Verstraten, 1995; von Grunau, Bertone, & Pakneshan,
1998; Watanabe & Miyauchi, 1998).
Second, the MAE is an effective tool for inferring
whether the monocular stage is involved in a given
type of processing. If the MAE with a non-adapted
eye is as strong as with an adapted eye, this suggests
that the monocular stage is less involved in the afteref-
fects. If the MAE with an adapted eye is significantly
stronger than with a non-adapted eye, the monocular
stage is at least partially credited for the aftereffects
(Nishida, Ashida, & Sato, 1994; Wenderoth, Alais,
Burke, & van der Zwan, 1994; Alais, Wenderoth, &
Burke, 1994; Steiner, Blake, & Rose, 1994; Wade,
Swanston, & de Weert, 1993; Symons, Pearson, &
Timney, 1996). Although the application of this
method was originally used to examine the monocular
contribution of bottom-up processing, it has recently
been used to check the monocular contribution of
attention (Watanabe & Miyauchi, 1998; Nishida &
Ashida, 2000). The underlying rationale is that if at-
tention influences the activation of the monocular
mechanism for an attended aspect of motion, this may
cause a stronger motion aftereffect with an adapted
eye than with a non-adapted eye. In contrast, if atten-
tion does not influence the monocular stage, it should
not cause a difference in the strength of the MAE
between adapted and non-adapted eyes.
Third, the comparison of the strength of MAEs
under different conditions may enable us to unravel
the interactions between bottom-up signals and top–
down attentional signals (see the discussion in Section
2).
The purpose of the present study was to verify that
the mechanism of V1 and the MT complex activation
by attention to translation observed in an fMRI study,
is indeed the mechanism which codes for translation,
while that activated in MT on attention to expansion
is in fact that which codes for expansion (Watanabe et
al., 1998a). We also examined interactions between
bottom-up and top–down attentional processing.
In the first experiment, under the condition that
attention was directed to translation, we found that
the difference in the strength of the MAE between an
adapted and a non-adapted eye was significantly larger
with attention than without. The second experiment
suggests that the monocular and binocular compo-
nents of MAE add linearly. In the third experiment,
the difference in the strength of the MAE as a result
of attention to expanding dots is the same as without
attention, when comparing adapted and non-adapted
eyes. These results suggest that attention to translation
activates the mechanism for translation at the monoc-
ular and binocular stages while attention to expansion
activates the mechanism for expansion at the binocu-
lar level.
2. Experiment 1: Effects of attention to translation
2.1. Methods
2.1.1. Subjects
Five subjects, four females and one male, ranging
from 22 to 41 years of age served in the experiments.
IM and TW were the authors. The others, (CJ, MK,
MY) were naive to the purpose of the experiment.
2.1.2. Stimuli
Two superimposed groups of moving random dots
comprised the adaptation stimulus (Fig. 1a). One group
translated to the right as in Fig. 1b, while the other
expanded as in Fig. 1c. All the dots were white, (68.5
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Fig. 1. Schematic illustration of the adaptation stimulus (a) consisting
of translating dots (b) and expanding dots (c).
2.2. Procedure
2.2.1. Main experiment
At the beginning of each trial a recorded voice
announced either ‘translation’ or ‘no attention’. Imme-
diately following the voice the adaptation stimulus was
presented for 45 s. Subjects were instructed to direct
their attention to the translating dots on hearing the
‘translation’ instruction. The ‘no attention’ instruction
signaled the subject not to direct attention to any
particular motion or location. In both conditions the
subjects were instructed to fixate the cross at the center
of the display. The instruction was repeated 40 s after
stimulus onset to remind subjects to maintain the de-
sired attention and also to signal the last 5 s of the trial.
The adaptation stimulus was then replaced by a test
stimulus lasting 3 s. After test stimulus offset the sub-
ject had to indicate with one of two keys whether the
overall motion flow of the test stimulus was to the right
or left.
The MAE can be nullified by presenting motion in
the opposite direction. Thus the magnitude of the MAE
can be gauged as the percentage of translating dots
needed to reach the point of subjective equality for
leftward or rightward motion (Hiris & Blake, 1992;
Blake & Hiris, 1993). This threshold was calculated by
fitting probit curves to the psychometric functions of
each subject. Within an experimental session there were
two eye conditions (monocular vs. interocular), two
attention conditions (attention vs. non-attention), 6 sig-
nal-to-noise (S:N) conditions including a catch condi-
tion. Thus, each experimental session had 24 trials and
lasted about 40 min. Eight to eleven sessions were
administered to each subject on different days under
dark conditions.
2.2.2. Baseline thresholds without adaptation
Thresholds without adaptation were measured sev-
eral days before the onset of the main experiment. The
procedure was identical to that of the main experiment
except that the adaptation stimulus was never
presented.
2.2.3. Eye mo6ement measurement
Eye movements were measured with the ViewPoint™
Eye Tracker ver. 2 (Arrington Research) while the
adaptation and test stimuli were presented.
2.3. Results
Fig. 2 shows the mean percentage ‘left’ responses,
regarded as an index of the relative amount of the
strength of MAE for the attention and no-attention
conditions. In Fig. 2 a, b the strength of the MAEs are
compared between attention and no-attention condi-
tions. For both the same- (Fig. 2a) and different-eye
cd:m2 in luminance), subtended 18 min in radius, and
moved against a black background (0.5 cd:m2 in lumi-
nance). Both translating and expanding dots numbered
200 and moved at a speed of 4.4 deg:s.2 Frame rate was
9.95 ms. Test stimuli consisted of leftward or rightward
moving dots (signal dots) together with dots moving in
randomly determined directions at a speed of 1.5 deg:s.
The ratio of signal dots to the randomly moving dots
was varied from 20 to 80% in increments of 20%
where positive and negative values represent rightward
and leftward motion, respectively. The total number of
the dots was a near constant 400. In both the adapta-
tion and test stimuli the individual dots appeared for
about 497.5 ms and then disappeared, to be replaced by
others at random locations in order to eliminate the
possibility that individual dots would be tracked. The
adaptation stimulus was always presented to the right
eye, while the test stimulus was presented to either the
left or right eye. Stimuli on either side of the screen
were presented only to the respective eye using a mir-
ror-type haploscope. The viewing distance including
travel through the mirrors was set to 75 cm.
2 Indeed, some experiments have used looming patterns such as
optic flow in which dots accelerate from the center to more eccentric
resions (e.g. see Tanaka, 1998; Warren, 1998). However, since our
intent was to confirm a previous fMRI study that used expansion of
dots moving at the same speed, we followed suit.
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Fig. 2. Results of Experiment 1. The mean percentage of subjects’ ‘leftward motion’ responses as a function of the percentage of rightward moving
dots to randomly moving dots in the test stimulus. Positive and negative values represent dots moving rightward and leftward, respectively. The
black curves in the first two panels depict the attention and no-attention conditions for the same-eye (a) and different-eye (b) conditions. The black
curves in the second two panels depict the same- and different-eye conditions, for the attention (c) and non-attention (d) conditions. The last panel
shows the no-adaptation conditions for the same and different eyes (e). The gray curves in (a)–(d) are copies of the curves for the non-adaptation
conditions (d) for the sake of comparison.
(Fig. 2b) conditions, the MAE is stronger with atten-
tion. In addition, the difference is larger for the same-
eye condition than for the different-eye condition. The
MAE strength was compared between the same- and
different-eye conditions, with attention (Fig. 2c) and
without (Fig. 2d). For both the attention and non-at-
tention conditions the MAE was stronger with the
same-eye condition than with the different-eye condi-
tion. In addition, the difference is larger for the atten-
tion condition than for the non-attention condition.
A two-way ANOVA with repeated measures [atten-
tion (present vs. absent) and eye (same vs. different)]
was applied to the thresholds measured for each sub-
ject. Significant effects were found for attention [F(1,
4)11.06, PB0.05], and eye [F(1, 4)8.12, PB0.05],
as well as an interaction between attention and eye
[F(1, 4)8.93, PB0.05]. Post-hoc pairwise t-tests
showed that the MAE in the attention and same-eye
conditions were significantly greater than in the atten-
tion and different-eye condition (PB0.01), the no-at-
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tention and same-eye condition (PB0.01), and the
non-attention and different-eye condition (PB0.01).
The MAE was also significantly greater in the attended,
different-eye condition (PB0.05) and in unattended,
same-eye condition (PB0.05) than in the unattended,
different-eye condition.
Fig. 2e shows the mean percentage of the subjects’
‘left’ responses in the no-adaptation condition with the
eye to which the adaptation stimuli were presented and
with the other eye. A one-way ANOVA with repeated
measures [eye (same vs. different)] was applied to the
thresholds measured for each subject. No significant
difference was found, suggesting that there was no
significant bias for either eye.
No significant differences in eye movements were
found between the no-attention, attention-to-transla-
tion and attention-to-expansion conditions. All eye
movements fell within the 1° resolution of the eye
tracker.
2.4. Discussion
The significant effect of attention in the ANOVA
implies that attention to translation induced signifi-
cantly stronger MAEs than no attention — a result
consistent with previous findings (Lankheet &
Verstraten, 1995).
Our finding of a greater MAE in the attended, differ-
ent-eye condition than in the unattended, different-eye
condition suggests that attention affects binocular pro-
cessing. Also new is that the difference in the MAE
strength between the same- and different-eye conditions
is greater with attention than without, as shown by the
significant interaction between attention and eye factors
and by the fact that the MAE was significantly stronger
for the attended, different-eye condition than for the
unattended, different-eye condition.
What does the result mean in terms of bottom-up
and top–down processing? In Table 1, x, y and f(x, y)
represent the differences in threshold between the non-
adapted, no-attention condition, and: the non-adapted,
attention condition; the adapted, no-attention condi-
tion; and the adapted, attention condition, respectively.
Thus, x and y are regarded as indices of the contribu-
tion of the binocular attentional component and the
contribution of the monocular component of bottom
up processing of translating motion, respectively. f(x,
y) is regarded as an index of the concurrent contribu-
tion of the binocular attentional component and the
monocular bottom-up component.
The results of Experiment 1 show that the concurrent
contribution of the two components, f(x, y), is larger
than just the simple addition of the two components, x
and y. This result leaves two possibilities, depending on
whether or not the two components add linearly if they
are processed concurrently. If they add linearly we may
conclude that attention specifically enhances the
monocular component of the MAE. If not, this leaves
the possibility that attention affects only the binocular
component. For example, if the monocular and binocu-
lar components were multiplied, xy, then the present
results would be obtained even if the effects of attention
were confined to the binocular component (e.g. if the
monocular component multiplied the binocular compo-
nent, then the concurrent contribution of the two com-
ponents could be larger than just the simple addition of
the two components).
If the subtraction of the two individual components,
x and y, from the concurrent contribution of the two
components, f(x, y), is represented by a variable z(\
0),
z f(x, y) (xy).
Therefore,
f(x, y) (xy)z.
If the binocular attentional component, x and the
monocular bottom-up component, y, add linearly, then
z should be a constant if x and:or y vary.
On the other hand, if the binocular attentional com-
ponent, x and the monocular bottom-up component, y,
interact, say, simply multiplicatibly, then
f(x, y)xyk (k is constant)
z f(x, y) (x y)xy (xy)k.
Thus, z should vary if x and:or y vary.
3. Experiment 2
If z remains fairly constant despite the variation of x
or y, the hypothesis that the monocular bottom-up and
the binocular attentional components add linearly
would be supported. A significant change in z would
argue against the hypothesis.
Thus, in order to examine whether the binocular
attentional component and the monocular bottom-up
component added linearly, we need to do an experi-
mental operation to vary x and:or y and check whether
z will be constant or not. Recently, MAE was found to
be stronger with increasing luminance-contrast in an
Table 1
Differences in threshold between the non-adapted, unattended condi-
tion, and: the non-adapted, attention condition; the adapted, no-at-
tention condition; and the adapted, attention condition
Same eye Different eye
Attention xf(x, y)
y 0No attention
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Table 2
The individual and mean thresholds in the four conditions for the three luminance values
Attention:same eye Attention:different eye No-attention:same eyeSubject No-attention:different eyeLuminance (cd:m2)
MK68.5 58.4 13.3 48.4 11
25.1 7.4MY 15.1 6.7
TW 40 25.6 19.4 15.3
Mean 41.2 15.4 27.6 11
43.2 14MK 3230 11
MY 21 10 6 4
26 7 12TW 4
30.1 10.3Mean 16.7 6.3
MK18.3 38.2 14.3 29.1 12
MY 26.2 7.3 12.1 4.2
25.3 11.1TW 10 5.6
29.9 10.9 17.1 7.3Mean
adaptation stimulus and decreasing luminance-contrast
in a test stimulus (Ishihara, 1999; Nishida, Ashida, &
Sato, 1997). In the second experiment, we changed the
luminance of the adaptation stimulus dots. If this
change influences the monocular and:or binocular com-
ponents, then x and:or y should change. It is then
possible to check whether z f(x, y) (xy) remains
constant when x and:or y was varied.
3.1. Methods
MK, MY and TW, who had participated in the first
experiment, also served in this experiment so as to
compare the previously obtained f(x, y) with those in
this experiment. Unlike the first experiment which used
68.5 cd:m2 for both test and adaptation stimuli, here
the adaptation stimulus dots were set to either 18.3 and
30.0 cd:m2, while the test stimuli remained at 68.5
cd:m2. The presentation order of adaptation stimuli
with two different luminance values was randomised
for each subject. Other aspects of the experiment were
identical to those in the first experiment.
3.2. Results and discussion
Table 2 shows the individual and mean threshold
values for leftward motion in the four conditions and
three luminances (the results for the 68.5 cd:m2 adapta-
tion stimuli were adapted from Experiment 1). It indi-
cates that the MAE was stronger for the 68.5 cd:m2
adaptation stimuli than the 30.0 or 18.3cd:m2 stimuli.
Fig. 3 shows f(x, y) (xy) (for a liner addition)
and f(x, y)xy (a simple multiplication, used for
comparison) for the three luminance values for the
three subjects. While x, y and:or f(x, y) was varied, z
held relatively constant. These results support the hy-
pothesis that the binocular and monocular components
add linearly. Thus, the most plausible interpretation of
Experiment 1 is that attention specifically enhances the
monocular component of the MAE with a translating
stimulus.
4. Experiment 3: effects of attention to expansion
In the third experiment, we examined the effects of
attention to expansion on the MAE.
4.1. Methods
The methods for the third experiment were identical
to those of the first except for the following: First, in
the adaptation period of each trial, the subjects were
instructed to direct attention selectively to expansion or
to no particular motion or location. Second, the test
stimuli consisted of either expanding or contracting
dots with randomly moving noise dots. The S:N ratio
was varied from 20 to 80% in 20% increments, where
positive and negative values represent expanding and
Fig. 3. Results of Experiment 2. The values of f(x, y) (xy) and
f(x, y)xy as a function of the adaptation stimulus dot luminance
for the three subjects (MK, MY and TW). Addition and multiplica-
tion are given by f(x, y) (xy) and f(x, y)xy, respectively.
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contracting dots, respectively. The total number of dots
was an almost constant 400.
4.2. Results and discussion
Fig. 4 shows the mean percentage of subjects’ ‘con-
traction’ responses, regarded as an index of the relative
strength of the MAE for the attention and no-attention
conditions. In Fig. 4 a, b the strength of the MAE is
compared between attention and no-attention condi-
tions. For both the same (Fig. 4a) and different eye
(Fig. 4b) conditions, the MAE is stronger. In contrast,
for each of the attention conditions (Fig. 4c) and the
no-attention condition (Fig. 4d), there is no significant
difference in the MAE between the same- and different-
eye conditions. A two-way ANOVA with repeated mea-
sures [attention (present vs. absent) and eye (same vs.
different)] was applied to the data. Only the attention
condition was significant [F(1, 4)17.71, PB0.01].
Just as in Experiment 1 the MAEs were significantly
stronger with attention than without. However, unlike
Experiment 1, no significant effect was found for eye
[F(1, 4)0.086, PB0.784] or for the interaction be-
tween attention and eye factors [F(1, 4)1.290, PB
0.319]. A post-hoc pairwise t-test showed that the MAE
in the attended, same-eye condition was significantly
greater than in the unattended, same-eye condition
(PB0.01), and the unattended, different-eye condition
(PB0.01). The MAE was also significantly greater in
the attended, different-eye condition than in the
unattended, same-eye condition (PB0.01) and the
unattended, different-eye condition (PB0.01).
The results suggest that attention to expansion may
have activated the mechanism for expansion not at the
monocular level, but only at the binocular level.
The lack of any significant difference in the MAE
between the unattended, same-eye and the unattended,
different-eye conditions may leave another possibility
that the monocular stage does not contribute to the
MAE for expansion. However, four of the five subjects
showed stronger MAE for the same eye than for the
different eye in both the unattended and the attended
conditions (Fig. 4f), whereas only one subject (CJ)
showed that the MAE at 20% expansion signals for the
same eye was unusually smaller for the same eye than
for the different eyes. This is indicated by the unusually
long standard errors at the 20% expansion signals as in
Fig. 4a. The mean results excluding CJ’s data (Fig. 4f)
show that MAEs were greater for the same eye than for
the different eye in both the attended and unattended
conditions. Thus the general tendency is that the
monocular stage contributes to the MAE in both the
attention and no-attention conditions. This is in accord
with Steiner et al. (1994) in that interocular transfer of
MAE for expansion is high but not complete.
Fig. 4e shows the mean percentage of the subjects’
‘contraction’ responses in the no-adaptation condition
with the eye to which the adaptation stimulus was
presented (‘same’ eye), and for the other eye (‘different
eye’). A one-way ANOVA with repeated measures [eye
(same vs. different)] was applied to the subjects’
thresholds. No significant difference was found, sug-
gesting that there was no significant bias for either eye.
5. General discussion
Attention to either translation or expansion enhances
the strength of the MAE. In addition, the difference in
the MAE strength between the same- and different-eye
conditions is greater with attention to translation than
without, whereas the difference in the attention to
expansion condition is of the same magnitude as in the
no-attention condition.
5.1. Psychophysical results and fMRI results
The present findings suggest that attention to transla-
tion enhances both monocular- and binocular-stage
activation, whereas attention to expansion may prefer-
entially activate the binocular stage over the monocular
stage. Most monocular cells are known to reside in V1,
whereas all the cells that have been recorded in the
MT:MST area receive signals from both eyes and many
are entirely binocular (Maunsell & Van Essen, 1983).
Thus, the present findings are in accord with the fMRI
study by Watanabe et al. (1998b) that showed higher
activation in V1 and the MT complex with attention to
translation than with no attention. Moreover, as
pointed out in the introduction, the enhancement in
MAE strength may reflect a bias for the mechanism of
a specific type of motion. Although we cannot say that
attention to V1 never induces general arousal in V1, the
present findings suggest that the attentional activation
found by fMRI is due to the enhancement of the
mechanism for the attended motion rather than a gen-
eral arousal of related cortical areas.
Why would attention activate different areas depend-
ing on the type of motion attended? One possibility is
that attention activates the stage(s) directly involved in
the type of motion to which attention is directed.
Physiological findings on motion processing in monkeys
show that different features of motion receive their
initial encoding in different cortical areas. For example,
translation-sensitive activity is found as early as V1:
about one third of V1 cells were found to have a
directional response to a translating object (Hubel &
Wiesel, 1968). Studies of motion transparency using
two superimposed groups of dots translating in differ-
ent directions suggest the grouping of neurons coding
for a single translation direction in V1 (Snowden,
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Fig. 4. Results of Experiment 3. The mean percentage of ‘contraction’ responses as a function of the percentage of expanding dots to randomly
moving dots, for the attention and no-attention conditions in the same and different eye conditions. Positive and negative values represent
expanding and contracting dots, respectively. The attention and no-attention conditions are shown as the black curves for the same-eye (a) and
the different-eye (b) conditions. The same- and different-eye conditions are shown as the black curves for the attention (c) and non-attention (d)
conditions. Panel (e) shows the no-adaptation conditions for the same and different eyes. The gray curves in (a)–(d) are copies of the curves for
the non-adaptation conditions (d) for the sake of comparison. (f) The mean percentage of ‘contraction’ responses excluding CJ’s data in all of the
four combinations of the same:different eye conditions and no-attention:attention conditions.
Treue, Erickson, & Andersen, 1991). On the other
hand, cells tuned to expansion or contraction have been
found in area MST of monkeys, while no such tuning
has been found in V1 (Tanaka, Sugita, Moriya, &
Saito, 1993). In addition, the rate of interocular transfer
in MAEs was lower for translation than for expansion
(Steiner et al., 1994). These suggest that attention di-
rectly determines the retroactive extent of feedback
within the confined pathway of motion processing
(Watanabe et al., 1998a; Watanabe et al., 1988b).
5.2. Aperture problem and attention
According to the motion energy model (Adelson &
Bergen, 1985; Watson & Ahumada, 1985), the energy
system yields different velocity vectors with translating
moving random-dots. This ambiguity of velocities may
not be solved until the vector signals are integrated in
MT at least of monkeys (Movshon, Adelson, Gizzi, &
Newsome, 1985). On the other hand, the results of the
present study suggest attention may give a top–down
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bias to directional signals at the monocular site. Putting
together, attention going through high-level motion
areas which process integrated directional signals might
disambiguate the directional signals of translating ran-
dom dots in V1.
5.3. Additi6ity of the bottom-up and attentional
top–down signals and single-unit tuning cur6es
The linear additivity of the bottom-up and top–
down attentional components of MAEs suggests that
bottom-up sensory signals and top–down attentional
signals are added in motion processing. Single-unit
recording studies have found that attention increases in
the height of the tuning curves of motion directions in
the absence of narrowing of their width (Treue &
Martinez Trujillo, 1999; for orientation McAdams &
Maunsell, 1999). If the additivity found in the present
study is reflected in single cell’s activities, the height of
the tuning curves of directions may be determined by
the direction-by-direction basis addition of attentional
top–down signals to bottom-up signals.
5.4. Direct and indirect ways of directing attention
Some psychophysical and fMRI studies (Shulman,
1993; Lankheet & Verstraten, 1995; Watanabe et al.,
1998a; Watanabe et al., 1998b; Watanabe & Miyauchi,
1998) instructed the subjects to direct attention to
expansion or translation. In contrast, recently Huk and
Heeger (2000) systematically conducted several differ-
ent tasks including speed and direction discrimination
(expansion vs contraction) using well-established psy-
chophysical methods. They found that fMRI signals in
V1 in the direction discrimination task were either not
significantly larger than in the passive viewing condi-
tion, whereas they were significantly (most cases) higher
in the MT complex. It may well be said that these
results are in accordance with the finding by Watanabe
et al. (1998a), although Huk and Heeger emphasize on
the individual differences in V1 activation, most of
which are within non-significant level. On the other
hand, in the speed discrimination task they found that
in the majority of the cases fMRI signals were signifi-
cantly higher both in V1 and the MT complex than in
the passive viewing condition. These results suggest an
interesting possibility that directing attention by the
instruction and conducting the direction discrimination
task are subsided by similar processing. In contrast, the
speed discrimination task may be subsided by process-
ing different from that for the two other tasks.
One possible explanation is that in the first two tasks
attention may be directed globally to expanding:con-
tracting stimuli while in the speed discrimination task
attention may be directed to a local region or an
individual translating dot. According to subjects’ verbal
reports in our preliminary experiment, in order to
conduct the direction discrimination task it is easier to
direct attention globally to expansion:contraction than
directing attention locally. In contrast, in order to
conduct the speed discrimination task directing atten-
tion locally is easier than globally. One way to probe
this hypothesis is to present only a part of an expand-
ing:contracting stimulus and to check whether the same
patterns of the results will be obtained in the direct
instruction, the direction discrimination and the speed
discrimination tasks by means of fMRI and:or the
MAE technique.
5.5. Interocular transfer and stimulus durations
Raymond (1993) found the complete interocular
transfer of the enhancement of motion coherence
threshold after adaptation whereas Steiner et al. (1994)
found incomplete interocular transfer of motion afteref-
fect at least for translation, expansion and rotation.
There are three possible reasons for the difference in
the results: First, they used different test durations
(Steiner et al.). The duration of the test stimuli presen-
tation was 1sec in the study by Steiner et al. while it
was 192 ms in the Raymond’s study. Second, the
Raymond’s study measured motion coherence
threshold whereas Steiner et al. measured the amount
of motion signals required to null the motion afteref-
fects. Third, since the enhancement of motion coher-
ence threshold after adaptation does not directly
measure the strength of motion aftereffects, it might
not entirely reflect the strength. It would be possible to
determine the cause of the difference if only one factor
is varied with all the others constant. However, this is
out of the scope of the present study. Since the purpose
of our study was to check whether attention influences
the monocular stage, we used the paradigm similar to
Steiner et al.’s whose results reflect the activities at the
monocular stage.
In summary, we found that attention to either trans-
lation or expansion enhances the strength of the MAE.
We also found that the difference in the MAE strength
between the same- and different-eye conditions is
greater with attention to translation than without,
whereas the difference in the attention to expansion
condition was as large as in the no-attention condition.
These results suggest that attention to translation mod-
ulates the monocular mechanism as well as the binocu-
lar mechanism for translation whereas attention to
expansion modulates only the binocular mechanism for
expansion. If these psychophysical findings reflect neu-
ral processing, the activation of cortical stages revealed
by fMRI as a result of attention to translation or
expansion (Watanabe et al., 1998a) is not likely to be
the result merely of general awareness differences
caused by a heavier task load, but is at least partially
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due to the activation of mechanism for the attended
motion direction. Moreover, we obtained the results
which are in accord with the hypothesis that bottom-up
and attentional, top–down signals add linearly.
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